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Aggregation-induced emission (AIE) materials have attracted increasing research attention due to their
broad application potential. The major design strategy for AIE luminogens (AlEgens) is incorporating
molecular rotors, such as tetraphenylethylene (TPE) and triphenylamine (TPA), into conjugated skeletons
to decrease intermolecular t—m interactions. Therefore, the diversity of AlEgens is usually determined by
the types of molecular rotors. Herein, we report a new molecular rotor, diphenylphosphine (DPP), that
can be incorporated facilely into a typical aggregation-caused quenching (ACQ) luminophore to
facilitate ACQ-to-AlE transformation. Due to the large steric hindrance and sp® hybrid conformation of
diphenylphosphine, the intermolecular t—= interaction is limited to a certain extent; the photolumines-
cence quantum yields of our AlEgens range from 10.3% to 47.0%. Furthermore, the luminescent color of
the molecules can be tuned from blue to orange by adjusting the electron-donating/withdrawing

Received 3rd December 2021, strength of the substituent groups. At the same time, the AlEgens also exhibit novel pressure-induced

Accepted 26th January 2022 emission enhancement (PIEE) properties. The rapid intersystem crossing (ISC) process was explored as
the DPP-based AIE mechanism by ultrafast IR spectroscopy. To our best knowledge, this is the first

systematic study of a general strategy to realize ACQ-to-AlE transformation by using the DPP group,
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Introduction

The majority of luminophores emits strongly in dilute solutions
but weakly in aggregated states. This phenomenon, called the
aggregation-caused quenching (ACQ) effect,’ is usually caused
by their strong intermolecular n-n interactions and severely
hampers the applications of ACQ molecules.>® To solve this
problem, a new class of luminophores was reported by Tang
et al in 2001, which showed negligible luminescence in
solution but emitted intensely in the solid state. The phenom-
enon of aggregation-induced emission (AIE) was found very
early>® and has attracted more and more attention.” Solid-state
luminescent materials consisting of AlEgens have developed
rapidly by virtue of their promising prospects in the fields of
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which greatly increases the diversity of AlEgens as well as their potential applications.

2 13-16

optoelectronic devices,®'* chemical sensing and bio-
imaging."” 2 Structurally, AIEgens usually have a twisted mole-
cular skeleton and a freely-rotating molecular rotor moiety. The
former can inhibit intermolecular n-n interactions, and the
latter can promote non-radiative transition in solution, so as to
achieve high contrast between non-luminescence in solution
and strong solid luminescence. Besides tetraphenylethylene
(TPE) and triphenylamine (TPA), a few other rotors have also
been reported. The finite types of molecular rotors hinder the
further development of new AIEgens.

ACQ luminophores (ACQphores) exhibit rich variety and excel-
lent photophysical properties.>® To circumvent the limitation of
their application, the idea of converting them into AIE-active
molecules is natural to occur.”*' " There are some approaches
reported so far to realize such a transformation by incorporating
twisted molecule rotors,’***** bulky substituents®* into planar
ACQphores and some unique AIEgens with novel molecular
design'®*'7® to suppress the formation of m-aggregates by changing
the molecular packing state.” In particular, constructing new
AlEgens by combining typical molecule rotors, like TPE and TPA,
with ACQphores®*™* is effective. TPE-modified AlEgens can be
usually used to explore multi-stimuli responsive luminescent

This journal is © The Royal Society of Chemistry 2022
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materials due to their twisted molecular conformation and high
fluorescence contrast between the solution and solid states.*
However, these molecules have relatively poor wavelength adjust-
ability due to their insignificant electronic effects. TPA-modified
AlEgens can solve this problem well because of the strong electron-
donating ability of the TPA group. But the sp® hybridization
configuration of nitrogen atoms may limit their intramolecular
motions, leading to low luminescence contrast in the solid and
liquid states. It is necessary to develop a new molecular rotor
combining the advantages of the above two molecular rotors.
Herein, we report a novel approach for ACQ-to-AIE transfor-
mation by incorporating diphenylphosphine (DPP) into com-
mon ACQ fluorophores. Similar to the diphenylamine (DPA) or
triphenylamine (TPA) system, DPP was taken as an electron-
donor owing to the rich electron density of the phosphorus
atom. What’s more, the P atom has a larger volume and more
atom orbitals than the N atom. DPP-containing molecules
present a triangular pyramid configuration due to the sp®
hybridization of P atoms and show a greater freedom of
motion, compared with DPA-containing molecules with a pla-
nar three-blade-propeller configuration (Fig. 1a). Accordingly,
the P-containing system shows a more prominent AIE effect
with a larger emission enhancement factor, o, which is
calculated from the emission intensity ratio between the
solution state and aggregated state.*>*> Coumarin was chosen
as a model luminophore because of its typical ACQ properties
with a simple structure and multiple modification positions.?
New AlEgens were simply and efficiently obtained via a one-step
optimized C-P coupling reaction (Fig. 1b). These molecules
display strong emission intensity owing to the large steric
hindrance of the DPP group to avoid n—r interactions effectively
in the solid state and undetectable luminescence in THF
solution due to the low energy barrier of the intramolecular
motion. The emission wavelength can be tuned by controlling
the D-A strength with different substituent groups. Although a
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few examples of solid-state luminescence by DPP modification
have been mentioned in the literature,*® ™ a systematic study
of a general strategy to realize ACQ-to-AIE transformation by
DPP-modification still needs to be explored. Furthermore, the
AlEgens show novel pressure-induced emission enhancement
(PIEE) characteristics by using the diamond anvil cell (DAC)
technique. The molecular motions are further inhibited by
applying external pressure, contributing to the emission
enhancement similar to what has been reported in the
literature.>®"®® The rapid intersystem crossing is the internal
mechanism of non-luminescence in the solution state, which is
different from the previous report that planarization leads to
fluorescence quenching.*!

Results and discussion
Synthesis and comparison of AIE properties

Using C-P coupling reaction under optimized conditions, a
series of coumarin-as-the-core AlEgens modified with the DPP
group were synthesized efficiently, which display a transition
from ACQ to AIE (Table S1, t). At the same time, a molecule
with a diarylamine substituent (4-N) was synthesized as a
reference. It is worth mentioning that the same effect can be
achieved with triphenylphosphine (TPP) modification. How-
ever, from the perspective of synthesis, DPP modification is
more economical and convenient (Fig. S1, ESIt).

The luminescence spectra of 4-P and 4-N in THF/water
mixtures with different water fractions (f,) were recorded
(Fig. 2). The emission of 4-P is undetectable in THF but intense
in water-dominated solution, indicative of its typical AIE char-
acteristics. The o, value of 4-P is 42.8. However, the emission
intensity of 4-N at f;, = 99 vol% is lower than that in THF with an
aare value of 0.4. As revealed by the "H NMR spectra in Fig. S2
(ESIY), 4-P and 4-N show different motion features in solutions.
The aromatic hydrogen signals of 4-P display a broad peak in
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Fig. 1 (a) Different molecular configurations and motion modes between P- and N-containing luminophores. (b) Molecular structures of DPP-modified

AlEgens.
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Fig. 2 (a) Luminescence spectra of 4-N (107> M) in H,O/THF mixtures
with different fy values. (b) Luminescence intensity of 4-N at 510 nm as a
function of fy. (c) Luminescence spectra of 4-P (107> M) in H,O/THF
mixtures with different fyy values. (d) Luminescence intensity of 4-P at
550 nm as a function of fy.

the region of 6 7.36-7.46 ppm, and the signal splitting becomes
refined when decreasing the temperature, indicating the lim-
itation of intramolecular motion. On the other hand, 4-N shows
more refined signal splitting, owing to the stronger electron
delocalization effect and the restriction of intramolecular
motions with a planar conformation. Faster motion and more
motion modes will make it easier to cross energy barriers to
reach fast energy dissipation pathways.®' Consequently, com-
pared with 4-N, 4-P shows a much higher contrast of emission
intensity between different states. These results illustrate the
reasonability of our molecule design for the new DPP-
containing AIEgens. In the crystal structure of 4-P, the aromatic
nucleus distance between molecules is relatively short, and
there is effective overlap area between the conjugated struc-
tures (Fig. S3, S20, ESIT). This means that modifying DPP at the
4-position of coumarin is difficult to completely inhibit the
intermolecular n-n interactions (3.44 A). This is the reason that
4-P has a relatively low photoluminescence quantum yield
(PLQY 10.3%) in the solid state (Table S1, ESIY).

AIE and mechanochromism

To improve the solid-state luminous efficiency, DPP was
assembled at the 7-position of coumarin and the methyl group
was introduced at the 4-position to obtain 7P-4Me. The mole-
cule 7P-4Me was synthesized in only two steps with a satisfac-
tory yield, giving an elevated PLQY (47.0%) in the crystalline
state compared to 4-P. As expected, 7P-4Me demonstrates
typical AIE features in THF/water mixture solutions (Fig. 3a
and b). The single crystal X-ray diffraction (XRD) analysis shows
that the 7P-4Me crystal demonstrates a loose molecular stack-
ing mode owing to the presence of DPP at the 7-position. There
are two kinds of packing patterns («, ) in the adjacent layers
and the distance between layers is up to 3.9 A. From the top
view, it can be seen that the conjugated structures do not have
effective overlap area between layers, indicating the lack of
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Fig. 3 (a) Luminescence spectra of 7P-4Me (3.7 x 107> M) in H,O/THF
mixtures with different fyy values. (b) Luminescence intensity of 7P-4Me at
510 nm as a function of fy. (c) The crystal structure of 7P-4Me including
intermolecular interactions, layer distance and overlap area (hydrogen
omitted for clarity). (d) The mechanochromic effect of 7P-4Me upon
grinding.

significant n-m interactions. The crystal structure is stabilized
by the strong C-H---O interaction (2.54 A, 2.63 A), C-H---P
interaction (2.96 A) and C-H.--n interaction (3.00 A) (Fig. 3c
and Fig. S4, S23, ESIt). The XRD results suggest that the PLQY
of 7P-4Me increases substantially due to the large steric hin-
drance of the DPP group at the 7-positon of coumarin to avoid
intermolecular n-n interactions effectively. This suggests that
the substituent site of DPP plays an important role in improv-
ing solid-state luminescence. Impressively, 7P-4Me has an
obvious mechanochromic effect. The emission peak of the
crystalline state appears at 460 nm (blue), and is bathochromi-
cally shifted to 507 nm (green) after grinding (Fig. 3d). The
powder X-ray diffraction (PXRD) experiments were performed
to find the inherent mechanism. The diffraction signal of the
7P-4Me crystal becomes weaker or even disappears after grind-
ing (Fig. S5, ESIT). This suggests that the red-shift emission is
caused by amorphization during the grinding process, and the
molecular conformation becomes more planar, leading to the
distinguished red-shift of the emission wavelength.

In addition, different electron-withdrawing groups were
introduced at the 3-position of the coumarin core to tune the
emission wavelength by regulating the D-A strength. 7P-3COMe
and 7P-3COOEt were synthesized, and both of them show
distinct AIE characteristics. The steric hindrance caused by
the two electron withdrawing groups is different. Their emis-
sion wavelengths in the crystalline form are 554 nm and
603 nm respectively. The luminescence of 7P-3COMe displays
a bathochromic shift from 554 nm to 575 nm, whereas the
luminescence of 7P-3COOEt shows a hypsochromic shift from
603 nm to 597 nm upon grinding (Fig. S6 and S7, ESIf). The
XRD analysis (Fig. S8, S9, S21 and S22, ESI}) indicates that
7P-3COOEt has a looser packing mode than 7P-3COMe due to

This journal is © The Royal Society of Chemistry 2022
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the steric hindrance of the ethoxy acyl group, which prevents n—
n interaction more effectively. This is probably the reason for
7P-3COOEt having a higher PLQY. Remarkably, the emission
wavelength can be tuned from blue to orange while retaining a
relatively high PLQY in the solid state (Table S1, ESIY).

PIEE phenomenon

Furthermore, all the above DPP-modified AlEgens show novel
PIEE characteristics investigated with the DAC technique.
Within the pressure threshold of 1.1 GPa for 7P-4Me, 0.2 GPa
for 7P-4Me, 0.5 GPa for 7P-3COMe and 0.6 GPa for 7P-3COOEt,
respectively, a conspicuous emission signal enhancement was
detected (Fig. 4). All their UV-visible absorption spectra demon-
strated distinct red shifts as the pressure increased. The tighter
packing structure and pressure-induced conformational pla-
narization are the main causes of the red-shift phenomena.®*°*
When the pressure was released to 0.0 GPa, the UV-vis spectra
recovered to those at the initial 0.0 GPa, the same as the PL
spectra (Fig. S10-S13, ESIt). The temperature dependent photo-
luminescence of 7P-4Me in the solid state shows the same trend
as that in a relatively low-pressure range (0-0.2 GPa), which
supports the mechanism of pressure-induced restriction of
intramolecular motion (Fig. S14, ESIT). Furthermore, from the
in situ high-pressure IR spectroscopy, it can be inferred that the
intermolecular hydrogen bond interaction increases due to the
changes in the stretching vibration frequency of the carbonyl
group ¥(C=O0) at 1724 cm™ ' (Fig. $15, ESI}). This may be the
source of the limitation of intramolecular movement.

AIE mechanism

Generally, the AIE phenomenon occurs as a consequence of
multiple processes such as restriction of intramolecular motion
(RIM),*>*>°C twisted intramolecular charge transfer (TICT),"**°
and conical intersection (CI).°”*® The photophysical properties
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Fig. 4 Photophysical properties and PIEE characteristics of (a) 4-P,
(b) 7P-4Me, (c) 7P-3COMe, and (d) 7P-3COOEt.
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Fig. 5 (a) Emission spectra of 7P-4Me (1.3 x 107> M) with different
solvents. (b) Temperature-dependent emission spectra of 7P-4Me in
degassed methylcyclohexane (the temperature range (173 K-363 K) is
within the liquid phase range (147 K-374 K)). (c) Conformation optimiza-
tion of the ground/excited state by the DFT calculation method: M06-2X/
6-31g**.

of 7P-4Me were investigated in detail to gain deeper insight into
the AIE mechanism (Fig. S16 and S17, ESIt). Its absorption
peaks remain almost unchanged, while the emission spectra
change significantly when altering the polarity of solvent. As
the polarity of the solvent increases, the emission wavelength
shows a red-shift tendency and the intensity decreases sharply.
The emission signal displays a peak at 546 nm in cyclohexane,
but in dichloromethane (DCM) nearly undetectable (Fig. 5a).
This phenomenon is consistent with the TICT effect according
to the literature.**®® With increasing solvent polarity, the
molecular conformation of the excited state will be quickly
distorted to an equilibrium state through a freely-rotating
covalent bond, which is similar to the charge separation state,
leading to the weakening or even quenching of the fluorescence
intensity. The polarity of solvent is dependent on the tempera-
ture based on a previously reported study.”® In the temperature-
dependent emission spectra in methylcyclohexane (Fig. 5b), the
emission wavelength exhibits a hypsochromic shift owing to
the decrease of polarity. However, the emission intensity dis-
plays a decreasing tendency reverse to the TICT effect at
elevated temperatures.”® This means that the AIE phenomenon
is not simply caused by TICT. Furthermore, to confirm the
mechanism, calculations on the structures were carried out.
M06-2X in combination with a 6-31g** basis set (M06-2X/6-
31g**)”" was used to compute the ground and excited states of
7P-4Me. The sum of the C1-P13-C14, C1-P13-C20 and C14-
P13-C20 angles in the ground state is smaller than that in the
excited state and the C1-P, C14-P and C20-P distances in the
ground state are longer than those in the excited state (Fig. 5c).
This means that the conformation has a sp>-to-sp> hybridiza-
tion process under excitation with light and the molecule has a
clear tendency to planarize.*!
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In order to explore the specific photophysical process more
deeply, ultrafast IR spectroscopy was performed. The absorp-
tion peak at 1735 cm™ ' reaches a maximum at around 8 ps
(Fig. 6b and d), which comes from a new species. Through
theoretical calculation, it is believed to be most likely the
excited triplet state (Fig. 6a). This assumption is further con-
firmed by low-temperature phosphorescence experiments
(Fig. S18, ESI¥). At 77 K, the DCM solution of 7P-4Me produces
bright phosphorescent emission, and the lifetime can reach
118 ms, which shows that 7P-4Me can indeed undergo an
effective ISC process and produce high concentrations of triplet
excitons. Considering the huge changes in molecular confor-
mation after light excitation, the spin-orbit coupling (SOC)
constants between S; and T, based on the corresponding
molecular geometries of Somin and S;min Were calculated
(Fig. S19, ESIY). The former geometry has a higher energy and
SOC constant. This result indicates that the intersystem cross-
ing (ISC) process is very fast as the conformational relaxation
process, and increasing the temperature facilitates the process,
leading to fluorescence weakening or even quenching (Fig. 5b).
Thus, the theoretical model is proposed by calculation (Fig. 6c).
The energy and the conformation between S; and CP (crossing
point between S and T) of 7P-4Me are similar, which means that
the free vibration and rotation of molecules in the solution may
twist the DPP and finally increase the rate of ISC. While it’s
hard to occur in the solid state due to the close distance
between molecules, it is easier to produce triplet states in
solution and quench the luminescence. And in the solid state,
the process may be inhibited owing to the intermolecular

3564 | J Mater. Chem. C, 2022, 10, 3560-3566

interactions, resulting in bright fluorescence. These two factors
finally make facile ACQ-to-AIE transformation possible for this
series of compounds. The ISC process in the AIE system has
been predicted in the literature.®” It is speculated that the ISC
process can be greatly accelerated by virtue of charge transfer
properties and the heavy atom effect of P, and the fast ISC
process maybe happens in other AIE systems.

Conclusions

To conclude, ACQ-to-AIE transformation of the luminophore
coumarin was realized simply via DPP-modification. A series of
DPP-containing AlEgens, 4-P, 7P-4Me, 7P-3COMe and 7P-
3COOEt, were synthesized facilely through optimized C-P
coupling reaction, and their emission wavelengths can be
tuned by adjusting the electron-donating/withdrawing strength
of the substituent groups at the 3- or 7-positions. In addition,
by virtue of the sp® hybridization conformation of the
P-containing molecules, these molecules all present a triangu-
lar pyramid configuration. They also exhibit mechanochro-
mism and novel PIEE characteristics. The AIE mechanism
was investigated by combination of experimental and theore-
tical methods. The rapid ISC process was proposed to play an
important role of non-luminescence in the solution state based
on the results of ultrafast IR spectroscopy. We believe that these
DPP-containing AlEgens will exhibit a brilliant performance in
diverse applications owing to their facile preparation, good

This journal is © The Royal Society of Chemistry 2022
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stability, distinguished AIE characteristics and excellent photo-
physical properties in the solid state.
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